Abstract Nanotechnology is widely used in several industrial and consumer sectors and has the potential to grow further and expand globally. An exploration of stakeholder (SH)'s perceptions is essential to ensuring that robust risk governance processes are in place for nanotechnology and nano-related products. In response, numerous studies have been conducted to investigate SH's perceptions of nanotechnology and nano-related products over the past 15 years. To build on this work and to capture current perceptions across a wide panel of SHs, we conducted a multi-national and cross-sectoral SH study of awareness, perceptions and opinions regarding the use and potential impact on society and the environment of nanomaterials (NMs) and nano-related products, and SH's expectations about risk governance. The study was conducted using both quantitative and qualitative inquiries and targeted more than 3000 SHs across different sectors in a total of 15 countries. Results showed a tendency towards more convergence of opinions amongst all the relevant SHs and the public respondents than in past studies. There was consensus on the crucial importance of having unbiased, scientific and trustable information regarding the potential impacts of NMs and nano-related products on the environment, health and safety. SHs were interested in having more internationally harmonised and robust regulation for NMs and nano-related products; improved scientific evidence on nanomaterial hazards, exposures and effects; as well as specific guidance on the safe use of NMs. Overall, this work provides an updated scenario of SHs' perceptions regarding nanotechnology and nano-related products, underscoring the importance of including SH needs in effective risk governance strategies.
Introduction
The use of nanomaterials (NMs) and nano-related products has become ubiquitous in society, with applications in diverse products and sectors that range from electronics, food and food packaging, transportation, energy, manufacturing, construction, medicine, water treatment and beyond (Woodrow Wilson Institute 2009; The Nanodatabase 2019) . While the use of NMs and nanorelated products may provide numerous benefits to diverse economic sectors, there are still significant uncertainties in terms of their potential impacts on the environment, health and safety (EHS), in spite of nearly two decades of EHS research (e.g. Prosafe 2017; OECD 2018; Warheit 2018) . Furthermore, it has been well recognised that stakeholder (SH)'s perceptions are critical to understand and respond to in order to ensure the successful innovation and adoption of nanotechnology and nano-related products as well as to ensure that robust risk governance processes are in place (The Royal Society and The Royal Academy of Engineering 2004). This is particularly pertinent given previous cases involving other emerging technologies that have demonstrated the importance of understanding and incorporating SH perceptions into technology innovation processes (e.g. Tait 2001; Macnaghten 2016) .
Numerous studies have been conducted over the past two decades to investigate various SH's perceptions of nanotechnology and NMs (e.g. Sims Bainbridge 2002; Cobb and Macoubrie 2004; Siegrist et al. 2007a Siegrist et al. , 2007b Kahan et al. 2008; Capon et al. 2015; Dijkstra and Critchley 2016; Ganesh Pillai and Bezbaruah 2017; Larsson et al. 2019) . Across these studies, it has been demonstrated that perceptions of nanotechnology have been linked to the degree of knowledge and awareness about nanotechnology, potential benefits of its applications, cultural backgrounds, value differences as well as trust (Kahan et al. 2008; Cacciatore et al. 2011; Dijkstra and Critchley 2016; Ganesh Pillai and Bezbaruah 2017) . In brief, the literature has demonstrated that the public generally has heard "little or nothing" about nanotechnology (Cobb and Macoubrie 2004; Priest et al. 2010; Gupta et al. 2015) and has had largely neutral or slightly optimistic opinions about nanotechnology (Cobb and Macoubrie 2004; Gaskell et al. 2005; Scheufele and Lewenstein 2005; Kahan et al. 2008; Satterfield et al. 2009 ), although there can be cross-cultural differences (Vandermoere et al. 2010; Dijkstra and Critchley 2016) . Further, opinions about nanotechnology are still being formed and may likely be influenced by messaging concerning benefit-risk information (Satterfield et al. 2009; Priest et al. 2010; Parisi et al. 2015) and news on recently emerging cases of claimed health incidences (e.g. Bullis 2006; Kolosnjaj-Tabi et al. 2015; Fatkhutdinova et al. 2016; Zhao et al. 2018) . In terms of risk-benefit comparisons, previous work showed that the potential benefits were considered to outweigh potential risks (Satterfield et al. 2009 ), although the authors considered that risk judgments were still malleable. Others have demonstrated that the provision of additional information that was framed in either a positive or negative light was able to influence respondents' perceptions of the benefit-to-risk ratio of nanotechnology (Besley 2010) . Further, other works have shown that potential benefits and risks were dependent on the application in which NMs or nano-related products were used (Cacciatore et al. 2011; Gupta et al. 2015) . Amongst other findings, medical applications of nanotechnologies have had a higher benefit perception compared to consumer products that do not have a clear or obvious beneficial use (Cobb and Macoubrie 2004; Priest and Greenhalgh 2011; Gupta et al. 2015) , and perceived risks were greater in food applications than in other consumer products (e.g. electronics, energy applications) (Siegrist et al. 2007a (Siegrist et al. , 2007b Grobe et al. 2008; Siegrist et al. 2008; Brown et al. 2015) .
Developing robust risk governance and decisionmaking processes related to NMs that incorporate SH's views continues to be an ongoing challenge today. Amongst other obstacles, SHs differ in their risk perception along the value chain of a nano-related product (Malsch et al. 2017) .
As robust risk governance frameworks are still developing for NMs and to further build on this body of literature, we conducted a large SH study of the awareness, perceptions and opinions regarding the production, use and potential impact of NMs and nano-related products on the society. The work was conducted as part of the European Horizon 2020 project, caLIBRAte (grant agreement no. 686239), with the goal of developing a next-generation nano-risk governance framework aligning with SH's needs.
Methodology
A multi-national, mixed-method approach was utilised in this study to understand the opinions and perspectives of the public respondents and influential SHs from industry, research organisations and policy-oriented organisations across Europe, covering 15 countries. We aimed specifically at understanding the SHs' levels of awareness and concerns regarding potential risks for the health and the environment posed by the development and use of NMs and nano-related products and expectations for risk governance in nanotechnology (defined as all aspects related to the identification, management, evaluation and communication of risks; International Risk Governance Council (IRGC) 2017).
Leveraging work conducted in previous studies that investigated risk perception of nanotechnologies, we employed a combination of quantitative and qualitative methods in our inquiries to collect and assess SHs' opinions. The diverse specific methods used are summarised in Table 1 . The methods were selected depending on the scope of the SH dialogue and the SHs' level of knowledge or being informed about NMs, nano-related products and/or nanotechnology. As shown below, for example, the online consumer survey collected quantitative information on public perceptions of the risks, while the focus groups provide information on risk perception and explain the preferences and views on diffusion and use of NMs and nanorelated products in a more qualitative way.
The different methodologies applied to gather and analyse the data on risk perception and awareness and on issues related to risk communication, assessment and management in the field of nanotechnology are briefly described below.
Two-round Delphi study
A two-round Delphi study was undertaken in the period from January to August 2017 to systematically investigate the opinions of different SHs from research, industry, insurance companies, government agencies and non-governmental associations about their appraisal of the risks posed by NMs and nano-related products and how to best manage and communicate these risks. In general, a Delphi study is a method of structuring a group communication process amongst a panel of geographically dispersed participants, mainly experts in areas that are relevant to the consultation, to deal with a complex problem (Dewar and Friel 2001) . The overall goal is to organise a debate, collect and synthesise opinions and achieve a degree of convergence on selected themes of exploratory, predictive and even normative nature (Adler and Ziglio 1996; Linstone and Turroff 2002) . To perform a Delphi study, experts are first asked to complete a questionnaire on selected themes. The evaluations of the first survey are disclosed in a following round so that experts are given the opportunity to compare their personal opinions with those expressed by the other participants, to refine their points of view and give some recommendations on critical issues with regard to the debated topics. The exchange of opinions over several rounds has the advantage that feedback processes encourage participants to reexamine their own evaluation. As a rule, the spectrum of assessments is reduced, trends become clearer and a satisfactory convergence of opinions is reached.
Since the method was first proposed at the Rand Corporation (Dalkey 1969) , variations of the Delphi method have evolved, in an effort to meet the specific needs of different decision makers (Linstone 1998) . Delphi surveys are no longer simply about achieving consensus, and they are more often used to identify different clusters of opinions. In practice, modern Delphi surveys do not make much, if any, use of iterations of the questionnaire. These Delphi surveys employ only two rounds of survey, inviting a deepening of exploration in the second round rather than aiming for consensus of the group. Thus, an individual can express a distinctly different opinion to the group perspective. Moreover, recent approaches develop interactive forms, in which one or more workshops are staged between the two rounds to facilitate the final assessments. This implementation of the Delphi exercise was adopted for the present study where multiple perspectives of different SHs were recommended for decision-making. It means that the responses from a selected group of the participants could be extracted and analysed in isolation, without compromising the integrity of the results.
In the present two-round Delphi study, the initial questionnaire (see Online Resource 1) contained a total of 28 (mostly quantitative) questions covering issues specifically related to NMs and nano-related products such as awareness and risk perception, best practices in dealing with risk assessment/management and needs, priorities and expectations to a risk governance framework. An online platform was used to deliver questionnaires and collect data.
The first-round questionnaire was delivered to over 400 SHs in diverse European countries. These SHs were selected for participation based on their expertise and interest in risk governance aspects of NMs. After reaching out to these SHs, we sent two subsequent reminders to increase the response rate. The final response rate of SHs participating in our two-round Delphi study was approximately 25%, with a total of 97 participants from at least 14 European countries (some participants did not provide country of provenance). Study participants were able to answer the questionnaire anonymously. Nearly two thirds of all SHs chose to identify themselves according to a particular SH category (i.e. 69 participants), consisting of industry/business (38%), research (31%), policy makers/risk assessors/consultants (18%), civil society organizations (e.g. NGOs, advocacy groups) (10%) and insurance 1 (3%). Following analyses of the results from the firstround and the multi-SH workshop organised between the two rounds (see the section "Multi-SH workshop"), the findings were used to formulate the second questionnaire (see Online Resource 2), which included new, more qualitative and in-depth questions on the same themes treated in the first questionnaire, to enable further elaboration on the most salient aspects emerging from the first round. Forty-seven participants from 13 countries completed the second Delphi study round. Nearly all (i.e. 41 out of 47 participants) indicated their SH category with the following distributions: industry/ business (49%), research (37%), policy makers/risk assessors/consultants (12%) and insurance (see footnote 1) (2%). Respondents were invited to read and get acquainted with the summarised opinions that had been expressed in the first round and were encouraged to express their opinions on the most debated topics and to make recommendations for developing an effective risk governance framework for NMs and nano-related products.
The data from the two online surveys were analysed qualitatively and quantitatively.
Multi-SH workshop
In addition to the two-round Delphi study, a SH workshop was organised in Venice 2 (2017) and included 25 This interactive method allowed to exchange and then link the ideas of the participants and to draw a "network" of thoughts and perspectives to develop conclusions. In a joint final round of the SH workshop, the hosts of the tables presented the results, which were further discussed in a plenary session (www. theworldcafe.com).
Face-to-face interviews
Twelve interviews were conducted in Denmark and Sweden with occupational safety and health (OSH) managers from industry (n = 6) and academic institutions (n = 6). Heterogeneous (maximum variation) sampling (Palinkas et al. 2015 ) was used to recruit a variety of companies (e.g. manufacturers of materials and/or products, and testing and development of industry equipment) and institutes (e.g. traditional and within different technical fields) that worked with NMs. The interviews were conducted face-toface and on site at each of the companies or institutions. The interviews occurred in 2016-2017, at which point, there was no nano-specific regulation. To foster consistency between the interviews, a semi-structured interview schedule was utilised (see the list of questions in Online Resource 4), which focused on five themes concerning NMs and nano-related products: risk comprehension, information gathering, actions, communication and compliance. The interviews were recorded, transcribed and then analysed in the NVivo 11 software program. In addition, relevant statements from the interviews were also coded according to one of five levels of safety culture maturity (Cooper 2018) , from passive (ignorant of the risks) to reactive (respond only when things go wrong), active, proactive and exemplary (e.g. going beyond compliance). Further details on the methodology and a detailed analysis of the results can be found in Kirkegaard et al. (2019) .
Focus groups
During organised focus group sessions, participants representing specific interests are encouraged to provide information and opinions on a specific topic in a discussion round (Henseling et al. 2006; Krueger and Casey 2008) . Focus groups work out specific arguments and reflect them within a setting of several people (Benighaus and Benighaus 2012). The interaction and discussion in the focus groups help illustrate perceptions, perspectives and thinking of the different SH groups. It works well in combination with individual interviews or Delphi exercise.
In our study, a total of 6 focus groups were organised in 2017 and 2018 to explore and evaluate the perception and acceptance of nanotechnology from the public respondents (in terms of benefits and risks), the criteria for choosing and buying nano-enabled products and the information required to feel safe about their use. A list of the questions posed in the focus groups is reported in Online Resource 5.
All focus groups were conducted in the native languages of each country. In Germany, the participants were selected in a random sample. After contacting an initial 1000 citizens from the city of Stuttgart by letter, there were a total of 43 people who ended up participating in the four focus groups. In Spain, one focus group was organised in Bilbao, with seven participants selected from the employers of technological park by inviting them randomly. In Denmark, after placing an advertisement in supermarket and municipal websites in Copenhagen, there were a total of 7 focus group participants.
Overall, a statistical analysis and comparison of the focus group participants with the Eurostat statistical data on age and educational background (System 2011 ) from each of the participating countries revealed that the focus group participants were younger in age and had above-average educational level in each country than the statistical average.
Online consumer survey
In three European countries (Denmark, Germany, Spain), a large online consumer survey was conducted using a set of questions (see Online Resource 6) to elicit public perceptions on nanotechnologies. In total, there were 3101 participants who completed the online survey, including 1037 from Denmark, 1030 from Germany and 1034 from Spain. In these online consumer surveys, there was a good dispersion of different ages, genders and locations of the participants, and it is was also consistent with the Eurostat (System 2011) statistical data of the German, Spanish and Danish population.
Results
We present the main points according to the following: (1) risk perception of NMs and nano-related products according to the SH level of knowledge and/or awareness, (2) factors limiting the acceptance and diffusion of NMs and nano-related products into the market and (3) SH expectations in regard to nano-risk governance.
Risk perceptions and awareness of nanotechnology in different SH groups
The majority of the SHs involved in the Delphi consultation had a high level of knowledge on NMs. More specifically, 8% of all the respondents (N = 97) reported to have a basic level of knowledge, while 73% reported themselves as experts or skilled users. Figure 1 provides an overview of the level of knowledge on NM according to each SH group 3 . As expected, researchers are the most skilled category, with other SH groups adequately knowledgeable and informed. Some of the comments provided by the respondents indicated that they were aware of the opportunities offered by nanotechnologies for progress and innovation. In particular, the SHs from industry underlined "the enormous potential of nanotechnologies for competitiveness of industry".
However, the opinion concerning the positive potentials of nanotechnologies is also associated with a general concern about the EHS risks and social and ethical aspects posed by NMs and nanotechnology development in all the application domains (Fig. 2) . Noteworthy, it can be seen that the relative perceived risk pattern in the six main predefined domains (worker health, public health, animal health, economic aspects, ethical and social domains) is generally similar amongst all the SHs involved in the Delphi study, with workers and the environment being at the highest risk level (moderate to high). However, the civil society organizations (CSOs)' SH group does stand out with generally higher perceived risks while policy makers/risk assessors/insurers have the lowest level of perceived risk. On a relative scale, all the SHs have relatively low perceived risk in regard to economic aspects. Still, it should be mentioned that researchers consider risks related to economic aspects to be at a similar level as the risk to public health.
In the course of the qualitative workshop interviews, the industry representatives confirmed that they consider the workers and the environment to have the highest risks in relation to NM production. In the qualitative interviews with individuals in research organisations and companies, the perspectives on risk perception varied substantially, ranging from perceiving risks as a "part of the job" to perceiving risks as manageable throughout the life cycle of NM and nano-related products (Kirkegaard et al. 2019) .
According to the public respondents from the online consumer survey, participants agreed that the pros and cons of nanotechnology are balanced, and nanotechnology has a positive or neutral connotation for them with positive effect on life (Fig. 3) . More than 50% of participants in all three countries (Denmark, Germany and Spain) perceived nanotechnology as a symbol of progress and an option for breakthrough in future technologies. However, they anticipate a high responsibility for future generations in all three countries, especially in the development of nanotechnologies.
The participants in the focus groups have indicated that nanotechnology should be a solution for technical and/or social problems and should support the development of society. Yet, there are some differences amongst the answers of respondents from the various countries regarding their perceptions on how well the advantages and disadvantages of NMs are balanced. Our study did not seek to address these inter-country differences in participants' perceptions of risks/benefits.
During the focus group interviews, participants assessed nanotechnology based on their own experience and how they got in contact with it. After discussion about its advantages and disadvantages, they developed a more critical opinion about the use of nanotechnology, expressing concern about the safety of nanotechnology for society, the environment and economy as well as individual and family health (public and workers' health). By combining the results from the different consultations, it appears that the level of risk perception by the different groups of SHs is only to a certain extent related to the level of knowledge about nanotechnology, NM and nano-related products (Table 2) . Our results also showed that there was significant awareness about potential risks for the EHS during research/development/fabrication of NMs and nano-related products (Fig. 2, Table 2 ), which was also confirmed by the outcomes of the SH workshop and individual SH interviews in industry and academia. At the same time, the public respondents are concerned about EHS risks (Fig. 4 , Table 2 ) but appreciate on average the positive connotations of nanotechnologies (Fig. 3) . It should be noted that the perceived social and ethical risks are greater to CSOs and public respondents than to the other three categories of SHs.
Although some caution is required in interpreting the results in Table 2 , compared to earlier studies (Grobe et al. 2008) , neither a clearly positive correlation nor a negative correlation between knowledge on NMs and risk concern is observed.
In this context, it is important to consider that the different SH groups and the public respondents do not perceive the same level of risk in all nanotechnology applications. In fact, a considerable difference is observed across different sector applications (Fig. 5) . The respondents representing industry consider the highest risks associated with the use of NMs in food, agri-food, cosmetics and packaging, and chemicals and materials, but the level of risk perception is somewhat lower than that expressed by the CSOs' representatives who also consider applications in textiles and the environment potentially risky. Academic researchers are most concerned about nanotechnology in chemicals and Fig. 3 Appraisal of nanotechnology according to public respondents using the online consumer survey. Answers to the question: Nanotechnology has for me a positive (1)/negative (5) connotation materials followed by the use of nanotechnology in application sectors related to energy, electronics, optics and information and communication technologies (ICTs). The perceived sector application risk pattern reported by the CSOs is in good agreement (with a few exceptions) with the outcomes of the focus groups and online consumer survey (Fig. 6) , where the main concerns are about nano-related products that people may come into direct physical contact with (absorbed through the skin, inhaled, ingested, etc.).
It is interesting to see that the highest acceptance of nano-related products from the public respondents refers to IT/electronics with miniaturised electronic components and to medical products which potentially provide new forms of detection and treatment of disease.
In summary, although some differentiation emerges across the SH categories and the public respondents, our results provide evidence that medium to moderately high risks are perceived in all application domains and market sectors (see Figs. 5 and 6), but at the same time, potential benefits of nanotechnology are recognised and appraised by many (Fig. 4) .
Although the development of nanotechnology is considered as an opportunity for improving performances of products and systems, the perceived uncertainty on their potential risks is seen to influence to a certain extent and limit their purchase. This point was sustained by a good fraction of the participants in the online consumer survey (Fig. 7) , focus groups and Delphi study. Results are reported in Table 3 where a rather high level of convergence of views between all the SHs and the public respondents is observed.
Once again, policy makers/risk assessors/insurers show a lower concern about the effect of risk perception on the market than the other categories of SHs.
Factors limiting acceptance and adoption of NMs
In this section, we present perspectives from all the SHs on the factors that still hamper a wider acceptance and adoption of NMs and nano-related products. The participants in our consultation activities have clearly indicated that one of the most important factors for limiting the diffusion of nanotechnology into the market is a certain lack of dialogue and specific knowledge/education initiatives. Moreover, the SHs perceive an often misleading (or biased) information on NMs and nano-related products that may create a sense of suspicion in the entrepreneurs, end-users and consumers and make it difficult to evaluate the risk/benefit ratio with respect to the use of more conventional materials/products. In this respect, SHs participating in the Delphi study underlined that: "From the consumer side, I think that a general factor is the lack of scientific education and the influence of certain media attitude". Thus, "Normal customers mostly know simple black and white, and cannot differentiate between various scenarios of grey".
It was pointed out by many different SHs and the participants in the consumer survey that greater trust of the potential users could be gained through transparent and exhaustive information on safe use, storage and disposal of NMs and nano-related products.
Industry representatives are also concerned about existing uncertainties and insufficient knowledge about worker and consumer exposure, hazard and life cycle assessment. One of the industry representatives underlined that: "From the business side, there is the complete lack of knowledge about NMs: most SMEs [small and medium sized enterprises] do not know what they are and how they can be used. Therefore, once confronted with the possibility, entrepreneurs stay away from the unknown, the potentially not safe solutions, and rely on more traditional innovative materials…".
Further scientific research on NMs is asked for, in order to decrease risks and increase confidence in their use.
A strong request emerging from both the online survey (public respondents) and the focus groups is the need for a clearer: "balance between pros and cons of nanotechnology", which takes into account the impact of NMs and nano-related products on (human and animal) health and safety and the environment. To this respect, a telling statement from a researcher (Delphi survey) is that: "NMs used to cure cancer should be permitted, even if these NMs may induce some negative effects to human health and the environment". This concept is broadened by one of the industry representatives: "Potential risks of the innovation must always be balanced against the risk of not realizing an innovation".
In this context, CSOs' representatives pointed out the need to set up an evaluation system of the risks posed by specific NMs and nano-related products, which must be based on principles such as openness, full independence and transparency, and thus become trustable for consumers. Industries should disclose their data to inform this system.
The participants in the focus groups and online consumer survey stressed the importance of having access to public product registers containing information about the ingredients (including nano-ingredients) of all products.
Given that labelling about the presence of nanoingredients is already mandatory for food and cosmetic products, the opportunity to extend this requirement to all sectors is still up to debate. A very high percentage (95%) of the consumers participating in the online consumer survey think that if a product contains NMs, they have to be highlighted in the list of ingredients on the label. On the same way, some SHs participating in the Delphi study think that: "nano-labelling could give a wrong message that all nano-products are dangerous since consumers are not aware or competent to distinguish between sensible and non-sensible applications". In the course of the consultation activities, the SHs underlined that the perception of uncertainty in the safety of NMs and nano-related products is enhanced by some insufficiency and incoherence of the legislation all over Europe and by the lack of universally accepted definition of the term nanomaterial, of clear nanomaterial labelling/registration procedures and of specific guidelines for implementing current regulations.
In particular, the existing normative framework is considered, to some extent, not fully adequate for risk governance of nanotechnology, above all by the CSOs' representatives and by researchers participating in the Delphi survey (see Fig. 8 ). A more moderate criticism stems from the policy makers/regulators. In summary, in the course of our consultation activities, it was recommended by the relevant SHs and the public respondents to develop the following actions with the aim to foster the diffusion of NMs and nanorelated products into the market:
& Organise more specific knowledge and education initiatives addressed to the public respondents. 
SH expectations on nano-risk governance
In the following section, we focus on the expectations expressed by the SHs in the course of our inquiries for viable risk assessment, communication and management of nanotechnology. The first point concerns the generally acknowledged need to improve the existing normative framework for NMs and nano-related products. When asked in the course of the Delphi survey about the policy options to better integrate risks related to NMs and nano-related products in the existing regulation, different opinions emerged across the various categories of SHs. Policy makers/risk assessors/insurers were more in favour of inclusion of specific requirements for NMs in the existing "horizontal" regulations (e.g. REACH, CLP) whereas CSOs' representatives insisted on the need for specific requirements in existing "vertical/product" regulations (e.g. cosmetics, medical devices, biocides) or even on the development of new regulation specifically designed for NMs and nano-related products. Some interest was expressed for the development and use of voluntary tools for risk governance; however, one of the SHs underlined that: "Voluntary tools need to be accepted by regulators and competent authorities, as well as seen as trustworthy by consumers", otherwise they are not useful.
Although there are some divergent opinions on the development of the new regulatory frameworks, there is a very high consensus amongst all the SHs on the importance of risk assessment procedures for safe production, handling and use of NMs and nano-related products (see Fig. 9 ).
A respondent from industry commented that: "I believe we need to have good methods to assess and also to communicate risks. There will be more confidence in the assessment if it is systematic and transparent, and a good assessment procedure provides the structure and data for clear communication about the approach and the findings". Some divergences appear, however, on the most appropriate stage(s) of the value chain of where to address the assessment of the potential risks posed by the development of NMs and nano-related products.
In the opinion of the researchers participating in the Delphi survey, risk assessments should preferably be performed at the basic research/proof of concept stages to anticipate the potential risks and consider the risk mitigation plan: "Earlier done risk assessments reduce the potential of late development failures which may be costly".
The importance of involving consumers and consumer organisations in the risk assessment procedures is stressed by many. In particular, more than 88% of the consumers participating in the online consumer survey support the idea of the early involvement of consumer organisations in the risk assessment of nano-related products, though only about 69% recommend that the consumers themselves should be involved in the following development stages.
Some industry respondents, however, are very concerned about the possibility that risk assessments performed: "at the very early stage of the innovation, could lead to a premature end of the research". This is due to the high degree of uncertainty: "on how the final product will look like, and as well on its potential risks". It was added that: "Risk assessments should not hinder the research process". These SHs suggested that: "the best step is at the prototype phase", or even later "in the go to development phase (that, however, is often the most expensive)".
As opposed to this point of view, some industry representatives and researchers think that the most effective approach, if there are enough resources, would be to carry out risk assessment procedures all along the value chain, possibly through a tiered approach. Due to the complexity of risk management procedures for safe production, use and disposal of NMs and nano-related products, the availability of decision support (DS) tools is judged in a positive way by all the SHs, above all by the industry representatives. These tools should support learning and orientation in decision-making on how to ensure safety of the research and innovation processes, including identification of safe by design approaches and definition of priorities for risk assessment and management of NMs and nanorelated products.
Presently, the main barriers to the adoption of these tools were indicated as the complexity in their use, insufficient information on the features/capabilities of these tools and the difficulty in providing input data.
The DS tools should be linked to reliable and exhaustive sources of data for risk assessment, and possibly support risk-benefit evaluation. Availability of benchmarks (e.g. bulk materials) would also be welcomed.
In order to be widely accepted by SHs, these tools should be aligned with and support compliance with existing regulatory frameworks.
The possible impact of all these findings on the development of a viable risk governance framework for NMs and nano-related products is presented and discussed in the next paragraph.
Discussion
This study provides critical insights on current SH opinions on risk perception and risk governance of NMs and nano-related products using a mixed method approach. We analysed the results according to SH groups as well as their level of knowledge and awareness of NMs, nano-related products and nanotechnologies more generally. In addition, this study leverages the outcomes from a number of previous, generally more focused, studies on SH opinions undertaken in the last decade, and provides an opportunity to confirm or observe changes in attitudes and perceptions of SHs since earlier studies were conducted.
We found that the majority of the study participants regard nanotechnologies as a symbol of innovation and progress and perceive that their use could imply both benefits and risks. The highest risks perceived are related to the health and safety of workers, consumers and public health and impact on the environment in the use of NMs. In addition, we found that informed SHs have a medium-to-high perception of the risks of NM, and that they consider existing uncertainties on risks of NM as a major barrier for their market exploitation. They strongly believe further research is needed on evidence-based approaches for risk analysis. Data from the Delphi study are presented in columns 1-4 (N Industry = 29; N Research = 21; N Policy = 13; N CSOs = 6). Averaged data from the online consumer survey are presented in column 5 (Germany, n = 1030; Spain, n = 1034; and Denmark, n = 1037)
We also found that SHs with more limited awareness of nanotechnologies, including the public respondents' category, generally had a more of a positive attitude towards the development of nanotechnologies in most sectors. The highest appraisal and acceptance of nanorelated products from the public respondents refers to electronics/IT with miniaturised electronic components and to promising medical products. Other scholars confirmed these findings as part of their research (Cobb and Macoubrie 2004; Priest and Greenhalgh 2011; Gupta et al. 2015) . At the same time, the risk perception of NMs and nano-related products was greater for products that could get in direct contact with the body (e.g. cosmetics, food, agri-food). Potential intake of NMs is seen as alarming, and nano-based food products are seen as non-genuine and artificial. These findings confirm previous studies as, for example, those reported in the literature (Siegrist et al. 2007a (Siegrist et al. , 2007b Grobe et al. 2008; Siegrist et al. 2008; Ferdinand et al. 2013; Brown et al. 2015) .
Furthermore, the majority of SHs (including the public respondents) were aware of and agree on existing gaps and barriers for risk governance of NMs, thus pointing towards a clear need for more robust and effective approaches to risk governance. In terms of the adequacy of existing regulatory frameworks, many SHs considered that these are not fully satisfactory, or at least not sufficiently comprehensive, to ensure control and oversight of production, use and end-of-life of NMs and nano-related products. The lack of harmonised approaches across regulatory domains, uncertainties in the implementation of regulation and also limited awareness on most recent developments in regulation (as NMs are now explicitly considered in several EU regulations) are all elements that contribute to this perspective.
One interesting and perhaps novel outcome of the present work is that our study revealed a tendency towards a convergence of opinions between different SHs (industry representatives, researchers, policy makers, regulators, insurers, society representatives and the public respondents) and a positive attitude towards future developments of risk governance of nanotechnologies. In fact, across our study, there were no strongly controversial issues or opposing views between informed SHs and the public respondents. This is in contrast with previous studies, in which more polarisation of debate was reported (Einsiedel 2005; Grobe et al. 2008; Ferdinand et al. 2013 ).
This study also identified some elements that strongly influence SH risk perception, with implications for the acceptance of NMs and nano-related products. For instance, given a specific product, or research and innovation value chain, risk analysis should take into account predefined conditions such as the sector and type of application concerned, the risk domains (e.g. workers, consumer health, end-of-life of product(s)), regulatory domains as well as any prior knowledge or background conditions in terms of public opinions and media coverage. Other key factors for risk governance, on which it is possible and requested to intervene, include the level of awareness or knowledge of SHs, the actual or perceived risk-benefit ratio of the specific product concerned and the quality, reliability and ease of understanding of available information such as, e.g. EHS and NM characterisation data, safety procedures and product information.
Based on these findings, we consider these aspects should deserve greater attention and should be taken into account by policy makers, research and industry representatives, using a research and innovation value chain perspective, considering the role, influence and interaction of different SHs on risk governance issues in each of the product development phases. While previous studies have emphasised the public respondents (i.e. business to consumer interactions), our analysis reveals that there is a need for improving risk communication also between and towards informed SHs including research-to-business SHs and business-to-business SH interactions. We believe that increased agreement and confidence of these actors is a prerequisite to inform and shape public opinion on issues related to risk governance of nanotechnologies.
Further development of the traditional evidencebased approach for risk assessment is seen by all SHs as essential. This includes improving the knowledge base, tools, guidelines and procedures for the characterisation and testing of NMs. The need to consider multiparametric approaches and to address uncertainties in long-term impacts of NMs on public health and the environment is an aspect that has been emphasised by SHs. However, results of our study seem to suggest there is also a need to accompany the conventional science and evidence-based approach with novel risk governance approaches in order to address the complexity, as well as the pervasive and dynamic character of n a n o t e c h n o l o g y d e v e l o p m e n t . T h e r e f o r e , harmonisation of practices and procedures within and across regulatory domains (and countries) should be promoted, to overcome current ambiguities and lack of guidance for the implementation of regulation, including issues of definition of NMs. This might require strengthening the cooperation between technology developers and regulators in order to deal with novel applications of nanotechnologies, which could also require specific or unexpected control and oversight approaches. In line with on-going activities in EU-funded projects on risk governance of nanomaterials, we recommend that a specific system or mechanism should be put in place to ensure access to reliable information and guidance on safe handling, use and disposal of NMs and nano-related product all along the research and innovation value chain, from the producers to the consumers. Building off of this need for reliable information and guidance, there is also a need for an evaluation system of the risks and benefits posed by specific NMs and related products, which must be based on principles such as openness, independence and transparency and thus become trustable for SHs. The type of NM, application sector, use scenarios along the life cycle, risks and benefits and customer and market segments should be considered in such an evaluation system. To underpin reliable information dissemination, there is also a need for more effective and harmonised communication efforts to achieve greater legitimacy, trust and trustworthiness amongst all the actors involved in developing, producing, regulating and selling an innovative nanorelated product.
Concluding remarks
The study obtained information on SH perceptions of NMs and nano-related products in order to better inform and develop risk governance frameworks for NMs. These data are leveraged within the research project caLIBRAte in order to prioritise developments for a first nano-risk governance portal underpinned with nano-risk governance guidance and models for risk-screening, qualitative and quantitative risk assessment and management, which have been tested and approved in the project to improve trust in decision-making and risk communication. Recently, started H2020 governance research projects (Gov4Nano, NanoRigo and RiskGone) are now working to develop a broader risk governance framework, including better the safe-bydesign concept, to connect and interlink data, experiences and competences across research areas, regulatory domains and SHs.
